We have investigated the temperature (T )-dependent evolution of electronic structures and magnetic properties of an itinerant ferromagnet SrRuO3, employing the combined scheme of the density functional theory and the dynamical mean-field theory (DFT+DMFT). The inclusion of finite dynamical correlation effects beyond the DFT well describes not only the incoherent hump structure observed in the photoemission experiment but also the T -dependent magnetic properties in accordance with experiments. We have shown that the magnetization of SrRuO3 evolves with the Stoner behavior below the Curie temperature (Tc), reflecting the weak itinerant ferromagnetic behavior, but the local residual magnetic moment persists even above Tc, indicating the local magnetic moment behavior. We suggest that the ferromagnetism of SrRuO3 has dual nature of both weak and local moment limits, even though the magnetism of SrRuO3 is more itinerant than that of Fe.
Electronic correlation effects in the itinerant ferromagnetism is one of the most essential subjects in condensed matter physics. [1] In general, there are two limits in describing the itinerant ferromagnetism. The one is the weak ferromagnetic limit, in which the magnetic behavior below the Curie temperature (T c ) is well described by the Stoner theory. In this limit, the correlation effect is not so strong, and the Curie-Weiss susceptibility above T c is explained by the spin-fluctuation in the reciprocal space. The other is the local moment limit, in which the magnetic behavior is well described by the Heisenberg theory. The Curie-Weiss susceptibility above T c is explained by the localized spin in the real space. For example, ZrZn 2 is thought to be close to the weak ferromagnetic limit, while Fe to the local moment limit. Many itinerant ferromagnets, however, seem to be in the intermediate regime between those two limits. Usually, both longitudinal and transverse spin-fluctuations have been taken into account to describe itinerant ferromagnets in the intermediate regime. [2] [3] [4] SrRuO 3 is a well-known itinerant ferromagnet, which has numerous interesting properties. [5] The fundamental question on SrRuO 3 is whether its magnetism belongs to the weak ferromagnetic limit or to the local moment limit. Low temperature (T ) electronic structures and magnetic properties of SrRuO 3 are well described by the standard density functional theory (DFT)-based band structure calculations. [6] [7] [8] However, there are also several experimental indications of the sizable electronic correlation effects and the localized magnetic moment in the real space. Photoemission (PES) data show that there is an incoherent hump spectrum at 1 eV below the Fermi level (E F ), which is a signature of the non-negligible electronic correlation strength U . [9, 10] According to magneto-optical and angle-resolved photoemission spectroscopy (ARPES) experiments, there remains a finite exchange splitting up to T c (∼160 K), reflecting the local magnetic moment behavior. [11, 12] Indeed, the ratio of the Curie-Wiess moment and the saturation moment, P c /P s , is close to one (∼1.3), implying the existence of local magnetic moment. [13] The T -derivative of the magnetic part of the resistivity also shows the local magnetic moment above T c . [14] According to recent Tdependent optical data, [15] the magnetic moment below T c evolves with Stoner behavior, but, above T c , there is a finite short-range ordered localized magnetic moment that drops linearly with increasing T .
These experimental indications suggest that, to describe the itinerant ferromagnetism of SrRuO 3 , one may have to take into account the dual nature of Ru 4d electrons, itineracy and localization. The DFT+U method considering the static electronic correlation U was used to describe the incoherent hump feature in PES experiments. [16] The DFT+U , however, cannot describe both the coherent and incoherent spectra, simultaneously. In view of the dual nature of Ru 4d electrons in SrRuO 3 , the electronic correlation effect should be included dynamically. Thus, the combination of the DFT and the dynamical mean-field theory (DFT+DMFT) will be a good choice for the realistic description of the electronic structure of SrRuO 3 . [17] Actually, both the coherent and incoherent structures in the PES of Ru 4d bands were reported to be well described by the DMFT. [18] However, the important T -dependent evolution of electronic structures and magnetic properties of SrRuO 3 has not been explored yet, which is the subject of the present study.
In this Letter, we have shown that the inclusion of the dynamical correlation effect of Ru 4d electrons in SrRuO 3 successfully describes not only its correlated electronic structure but also the T -dependent evolution of electronic structure and magnetism in accordance with experiments. We have confirmed that, below T c , the magnetic moment evolves with the Stoner behavior, reflecting the itinerant ferromagnetism. In addition, we have shown that there is a localized magnetic moment, which remains even above T c and diminishes linearly upon heating.
We have performed the DFT+DMFT calculations based on the projection-embedding scheme, as implemented in Ref. [19] . The correlated Ru 4d electrons were treated dynamically by the DMFT local self-energy with t 2g and e g orbital projections, while the rest s and p electrons were treated on the DFT level. The DFT part calculation was done by using the full-potential linearized augmented plane wave (FLAPW) band method. [20, 21] As an impurity solver, we used the continuous time quantum Monte Carlo method, and performed the analytical continuation. [19, 22, 23] For Coulomb interaction parameters, U and J, we have employed U =3 eV and J=0.6 eV, as in existing DMFT calculations, [18] which describe experimental results of SrRuO 3 well. [16, [24] [25] [26] [27] We have also performed the spin-polarized DFT calculations to compare the DFT and DFT+DMFT results. For crystal structure of SrRuO 3 , we have adopted experimental structure of orthorhombic Pnma space group. [28] See the Supplemental Material (SM) for computational details and the crystal structure. [29] Figure 1 presents the band structures obtained by the DFT and DFT+DMFT schemes at T =100 K. In fact, the DFT+DMFT results represent the spectral functions A(k, ω). The seemingly complicated band structures of Ru t 2g and e g arise from the band folding from the cubic to the orthorhombic Brillouin Zone (BZ). This feature is consistent with recent report for a similar ruthenate, CaRuO 3 , which has the same Pnma space group. [30] There are interesting differences between DFT and DFT+DMFT. In the DFT+DMFT, one can notice the followings: (i) the narrowing of the coherent band near E F , (ii) the emergence of the incoherent feature below E F , especially for spin up band, and (iii) the reduction of the exchange splitting. These features arise from the electronic correlation effects, and have also been observed in the previous DFT+DMFT calculations for Fe and Ni. [31] The flat bands in the vicinity of E F in Fig. 1 are the Ru t 2g bands. It is seen that, due to the correlation effects, the DFT+DMFT spin-up (majority spin) bands below −0.3 eV become mostly incoherent, and those above −0.3 eV that are coherent become narrowered with respect to the corresponding DFT bands. In contrast, the DFT+DMFT spin-down bands show just overall band narrowing and weak incoherent feature near the top. The more incoherent feature in the spin-up band than in spin-down band has already been seen in previous experimental and theoretical studies on itinerant ferromagnets, such as Fe, Co, and Ni. [31] [32] [33] Due to almost filled spin-up t 2g bands, the electron-hole pair scatterer is composed of mainly spin-down electrons. Then the stronger Coulomb scattering between spin up and down electrons will produce the larger self-energy for the spinup electrons, which brings about the stronger incoherent feature in the spin-up band. Also notable is that, in the Up and Dn denote spin up and down, respectively. See the SM for the first BZ. [29] DFT+DMFT, the spin-up and down bands are slightly shifted up and down, respectively, and so the exchange splitting becomes smaller than that in the DFT.
In the lower panel of Fig. 1 , Fermi surfaces (FSs) obtained by the DFT and DFT+DMFT schemes are provided. Seemingly different FSs between the DFT and the DFT+DMFT arise from the smaller exchange splitting in the DFT+DMFT. In the DFT+DMFT spin-up FSs, due to the shift-up of bands, electron pockets become smaller, hole pockets become larger, and new hole pockets emerge, as compared to those in the DFT. For example, the electron pocket at k=T becomes smaller, the hole pocket at k=Z becomes larger, and new hole pockets appear between Γ and Z. Just the opposite situation occurs for the DFT+DMFT spin-down FSs, due to the shift-down of bands. For example, the electron pocket between Γ and Y becomes larger, the hole pocket between Γ and Z becomes smaller, and new electron pockets appear at k=T.
Comparison of the DFT+DMFT results in Fig. 1 to ARPES data provides valuable information on the correlation effects. The spin-up hole pocket FS at k=Z is much larger in the DFT+DMFT than in the DFT. The large hole pocket at k=Z is indeed observed in the ARPES experiment. [12] As shown in the SM, the orbital character of this hole pocket at k=Z is xy and yz, which is consistent with the suggestion from the ARPES experiment. [12, 29, 34] On the other hand, ARPES shows a kink feature in the spectral function at 65 meV below E F along Γ and Z. [12] This kink was considered to arise from the electron-boson interaction, which was proposed as an origin of the small quasi-particle weight, Z ∼ 0.3. But, in our DFT+DMFT results, there is no clear kink feature near E F and the obtained Z's below T c are 0.63 and 0.88 for the spin-up and down bands, respectively (see Fig. 4(d) ), which are much larger than the experimental Z ∼ 0.3. [35] Our results of Z's are consistent with previous DFT+DMFT results. [36] This indicates that the kink near E F and the additional quasi-particle renormalization might not originate from the local electronelectron interaction, but from the other electron-boson interaction, such as phonon or q-dependent magnon that requires a scheme beyond the single-site DMFT. Figure 2 presents the partial densities of states (PDOSs) of t 2g and e g orbitals of Ru 4d electrons in the DFT and DFT+DMFT schemes. The PDOSs manifest the low-spin state of Ru 4d electrons with small occupancy of e g orbital. Note that the exchange splitting in the DFT+DMFT decreases upon heating. Interestingly, there still remains a finite exchange splitting near T c (T ∼150 K), as is consistent with magneto-optical [11] and ARPES experiments. [12] To examine the signature of electronic correlation ef- fects in SrRuO 3 , Ru 4d PES spectrum [9, 16] is compared with near-E F PDOSs of the DFT and the DFT+DMFT (T =100 K) in Fig. 3 . Differently from the DFT PDOS, the DFT+DMFT PDOS shows both the coherent and the incoherent part and the shallow dip structure in-between, as is consistent with the experimental PES data. Interestingly, the peak position of incoherent PDOS, 1 eV below E F , is consistent with that in the previous DFT+U (U =1 eV) result. [9, 10, 16] The consistency between the DFT+U and DFT+DMFT results justifies the use of a bit larger U =3 eV in the DMFT. [27] The finite dynamical Coulomb correlation in the DFT+DMFT also reproduces the correct T -dependent magnetic properties of SrRuO 3 . Figure 4 (a) presents the DFT+DMFT results of the Ru magnetic moment (M Ru ) in SrRuO 3 versus T , which shows that there are two regimes for the evolution of M Ru with increasing T . Below T = 200 K, M Ru drops rather rapidly upon heating. On the other hand, above T = 200 K, M Ru diminishes rather slowly upon heating. Noteworthy is that there remains a significant local magnetic moment near T c (0.27µ B at T =150 K), which seems to persist even above T c . According to the Stoner theory, the local magnetic moment at T =0 is supposed to be close to the DFT value (1.06 µ B ), and it drops to zero at T c with the T 2 scaling behavior, as represented by the blue line Fig. 4(a) . Thus the M Ru − T curve in Fig. 4(a) indicates that the Stoner theory of the itinerant magnetism is not appropriate in describing the T -dependent evolution of the local magnetic moment in SrRuO 3 above T c . It is seen that the T -dependent behavior is different below and above T = 200 K. We designate the T regimes below and above T = 200 K as the Stoner and residual moment regimes, respectively. magnetic moment in the Stoner and the residual moment regime, respectively. In the Stoner regime below T c , Fig. 4(b) clearly shows that the magnetic moment diminishes with the T 2 scaling, which is in good agreement with the T -dependent spectrum evolution in optical experiment. [15] On the other hand, in the residual moment regime in Fig. 4(c) , the finite local magnetic moment even above T c is seen to diminish linearly with T , which is again consistent with the optical spectrum experiment. [15] The T -dependent exchange splitting (∆ ex ) of the t 2g band in the inset of Fig.4(a) also follows the T 2 and T scaling behaviors below and above T c , respectively. The disappearance of the net macroscopic magnetic moment above T c would be driven by the long wave length transversal spin wave excitations of the persistent local residual moment. [15, 31] The linearly diminishing behavior of the local magnetic moment above T c in SrRuO 3 is reminiscent of the theoretically suggested behavior in Fe, which was derived by using the Monte Carlo simulation with inclusion of both longitudinal and transverse spin-fluctuations. [4] This kind of simulation is in line with the intermediate approach between the weak ferromagnetic limit and the local moment limit. But, in the case of SrRuO 3 , our result shows that the persistent local moment above T c is smaller and diminishes more rapidly with increasing T than in Fe. This difference indicates that the magnetic properties of SrRuO 3 are still more itinerant than those of Fe.
We have confirmed that the ferromagnetic ordering restores the coherent metallic nature in SrRuO 3 . [37, 38] Figure 4 (d) presents the T -dependent quasi-particle weight, Z, of t 2g orbital. Z is estimated from the analytically continued self-energy of t 2g orbital in the DFT+DMFT (Z = (1 − ∂ ∂ω ReΣ(ω)) −1 | ω=0 ). Above T c (∼150K), the increasing spin-flip scattering upon cooling reduces the coherence of t 2g orbital, as shown in the diminishing Z in Fig. 4(d) . On the other hand, below T c , the spin-flip scattering is suppressed with ferromagnetic ordering, as shown in the enhancement of Z upon cooling. Therefore, the crossover occurs near T c from the spin-flip induced incoherent regime to the ferromagnetic ordering induced coherent regime.
In conclusion, we have shown that the DFT+DMFT calculations describes correctly the correlated electronic structure and the T -dependent evolutions of local electronic structure and magnetic moment in SrRuO 3 . The obtained Stoner behavior below T c and the persistent local magnetic moment above T c are consistent with experiments. The T -dependent local magnetic moment evolution in SrRuO 3 is similar to the case in Fe. More rapid drop of local magnetic moment in SrRuO 3 above T c , however, indicates that Ru 4d electrons in SrRuO 3 are more itinerant than Fe 3d electrons. The present studies of the T -dependent electronic structures and magnetic properties based on the DFT+DMFT method will provide an important tool to understand fundamental properties in various itinerant ferromagnets.
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